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Summary
Objectives: The aims of this study were to:
1. Evaluate the performance of arthroscopy for the diagnosis of chondropathy and to compare it to that of direct non-arthroscopic
assessments;
2. Determine intra-observer reliability of arthroscopic assessments;
3. Evaluate the effects of the arthroscopic video quality and probing upon diagnostic performance.
Design: The ovine medial meniscectomy (MMx) model of early osteoarthritis (OA) was used assuming that pre-MMx articular cartilage (AC)
was ‘‘normal’’ and post-MMx AC ‘‘chondropathic’’. Video recordings of arthroscopic assessments of each stiﬂe compartment were evaluated.
Scores were given for the quality of the video and the amount of probing. The diagnostic performances of dynamic shear modulus (G), light
microscopic assessment and superﬁcial zone collagen birefringence assessments were evaluated and compared to that of arthroscopy. Intra-
observer reliability of arthroscopic assessments was also evaluated.
Results: Arthroscopic assessments had high sensitivity (91e100%), speciﬁcity (62e88%) and accuracy (75e93%) for the diagnosis of
chondropathy 16 weeks after MMx. Arthroscopy compared favourably with the direct non-arthroscopic assessments in the lateral compartment
and was found to have extremely high intra-observer reliability (kappa 0.78e1.00). The quality of arthroscopic video recordings and the
amount of probing did not signiﬁcantly inﬂuence accuracy or reliability.
Conclusions: Arthroscopy performs as well as direct non-arthroscopic assessments of AC for diagnosis of early OA. These results suggest
that arthroscopy can be used as a ‘‘gold standard’’ for the validation of non-invasive assessments like magnetic resonance imaging and that
arthroscopic diagnosis can be based on small amounts of video footage without AC probing.
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SocietyIntroduction
With recent advances in our understanding of osteoarthritis
(OA) pathogenesis and the development of potential
disease-modifying agents1e16, there has been increasing
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Received 18 July 2004; revision accepted 24 December 2004.36interest in the measurement of the severity of OA. Accurate
and reliable diagnosis of early OA is a pre-requisite to the
development of more quantitative assessments and iden-
tiﬁcation of patients with early OA is particularly important
as this group is likely to beneﬁt most from disease-
modifying interventions.
Arthroscopy is potentially a surrogate gold standard for
the validation of non-invasive assessments such as
magnetic resonance imaging (MRI) as it provides highly
magniﬁed and direct views of articular cartilage (AC) with
non-destructive interactive assessments of its structure and8
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signiﬁcant gaps in our understanding of arthroscopic
assessment17. While much work has been done developing
quantitative arthroscopic assessments of AC damage18e23,
the power of arthroscopy to discriminate between normal AC
and the chondropathy of early OA has not been evaluated.
This paper set out to evaluate the ability of a single
arthroscopic observer to distinguish between normal and
chondropathic AC in a sheep model of OA and to compare
this performance to that of direct non-arthroscopic assess-
ments. Meniscectomised sheep have been used as models
of human knee OA for some time5,7,8,24e28. Our own work29
has shown that changes in AC biomechanical properties
(dynamic shear modulus), light microscopic scores and
superﬁcial zone collagen collagen birefringence occur
throughout the joint within 4 weeks of medial meniscectomy
(MMx) and has demonstrated that this model is ideal for
studies of arthroscopy. In this model of disease, there is
a distinct time of onset of OA and disease status may be
deﬁned in terms of the operative status of the joint and pre-
MMx AC may be considered as ‘‘normal’’ while post-MMx
AC is ‘‘chondropathic’’.
Aims
The aims of this study were to:
1. Evaluate the performance of arthroscopy for the di-
agnosis of very early OA chondropathy [sensitivity,
speciﬁcity, positive and negative predictive values (PPV
and NPV) and accuracy] and to compare it to that of
direct non-arthroscopic assessments of chondropathy;
2. Determine intra-observer reliability of arthroscopic
diagnosis of the chondropathy of early OA;
3. Evaluate the effects of the ‘‘quality of arthroscopic
procedure’’ and ‘‘arthroscopic probing’’ upon accuracy
and reliability of arthroscopic diagnosis of the chondr-
opathy of early OA.
Methods
INDUCTION OF OA AND ARTHROSCOPIC PROCEDURES
Eight second generation inbred Dorset-merino whether
sheep (aged 12e15 months) were provided by the
University of New South Wales (UNSW) Biological Re-
sources Centre. Ethics approval was given by UNSW
animal ethics committee to perform bilateral MMx to induce
chondropathy of the stiﬂe joints. Each sheep underwent
arthroscopic assessment of both stiﬂe (knee) joints pre-
operatively and then at 4, 10 and 16 weeks post-MMx using
a Smith and Nephew (North Ryde, Australia) 2.7 mm
diameter ‘‘small joint’’ arthroscope. The arthroscopic cam-
era was ‘‘white-set’’ on a strip of clean white surgical gauze
prior to the procedure. The stiﬂe joint was accessed
arthroscopically through a portal infero-lateral to the patella
and a surgical probe was inserted through a portal infero-
medial to the patella. Arthroscopic assessments of articular
surfaces were attempted in the medial compartment (medial
tibial plateau, medial femoral condyle), the lateral compart-
ment [lateral tibial plateau (LTP), lateral femoral condyle
(LFC)] and the patello-femoral compartment (patellar and
femoral trochlear surfaces). Two sheep (four stiﬂes) were
sacriﬁced by lethal injection of phenobarbitone after the 4
week arthroscopic assessment and six sheep (12 stiﬂes)
after the 16 week assessment. A single observer (SO)
performed the arthroscopic assessments which wererecorded on magnetic video tape. These video tape
recordings were captured digitally (Digital Video Creator,
Pinnacle Systems, USA) and stored on computer (mpeg
ﬁles) to facilitate editing into small clips containing only
footage of the individual compartments (medial, lateral and
patello-femoral). The same observer performed the arthro-
scopic assessment and editing, but another assistant (FJ)
not involved in the study randomised and blinded the video
clips. In this way, arthroscopic assessments could be
blinded to identity, MMx status and time post-MMx although
the presence or absence of medial meniscus precluded
blinding to operative status in the arthroscopic assessments
of the medial compartment.
ASSESSMENT OF ARTHROSCOPIC VIDEO RECORDINGS
Four months after randomisation and blinding, the
observer (SO) viewed the video clips and graded each
stiﬂe joint compartment on a dichotomous scale as
‘‘Normal’’ or ‘‘chondropathy’’ based simply on the ‘‘overall
arthroscopic appearance of the AC’’. An estimate was made
of the percentage of the AC surface that had been probed
(‘‘Percent probed’’) and a score was given for overall quality
(‘‘Quality’’) of the arthroscopic footage on a scale of 0e
100 considering the duration of the video clip, the proportion
of AC that had been seen and the percentage probed.
Individual AC surfaces within each compartment did not
receive separate arthroscopic scores. In order to evaluate
intra-observer reliability, a random selection of 59 arthro-
scopic videos were graded on a second occasion several
months after the ﬁrst set of assessment, blind to identity,
MMx status, time post-MMx and the results of the ﬁrst
arthroscopic viewing assessment.
NON-ARTHROSCOPIC ASSESSMENTS
Themethods for the non-arthroscopic assessments used in
this paper have been described in detail previously29 and are
summarised below. Non-arthroscopic assessments of AC
were performed after sacriﬁce in two sheep (four stiﬂes) at 4
weeks and six sheep (12 stiﬂes) at 16 weeks post-MMx. Four
stiﬂe joints were obtained from two un-meniscectomised
second generation inbred Dorset-merino whether sheep
(aged 12e15 months and from the same ﬂock) for use as
non-operated controls. These stiﬂes had not been examined
arthroscopically and were obtained from sheep in a study of
the effects of local injections of bone morphogenic protein
(BMP) into mandibular fracture healing. While intra-articular
injections of BMP are known to result in AC formation30 and
osteophytegrowth31, injections intomandibular fractureswere
considered unlikely to have any effect upon the stiﬂe joint.
After sacriﬁce, stiﬂe joints were stored whole at 70(C
until cartilage assessments could be performed. While in
storage, the specimens were randomised and blinded by
a researcher not involved in this study (FJ). Prior to
assessment, stiﬂe joints were thawed overnight at 4(C.
One investigator (ZS) dissected the joints to remove the
menisci before passing them to another investigator (SO)
blind to MMx status and identity for assessment. Each stiﬂe
joint was completely assessed macroscopically and bio-
mechanically in a single day.
Mapping of grid reference points
A grid pattern was projected onto each articular surface
using an inverted light projector and a graduated 35 mm
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a standardised number of rows and columns. The patellar
surface had seven rows by six columns, the femoral
trochlea 12! 6, medial femur 5! 12, medial tibia 6! 10,
lateral femur 5! 12 and lateral tibia 6! 10. If a large
chondro-osteophyte was present on the medial femur or
medial tibia, an extra column was included. Each grid
reference point location was marked with a 1 mm
diameter spot of Picro Siruis red dye. The base plate was
attached to a universal jig to permit orientation of
the sample while measuring thickness and biomechanical
properties.
Macroscopic assessment
The AC at each grid reference point was inspected
visually with the aid of a metal probe. AC was graded as
macroscopically ‘‘normal’’ (smooth and ﬁrm), ‘‘softened’’
(smooth and soft), ‘‘superﬁcially ﬁbrillated’’ (roughened but
soft indicating less than 50% loss of AC thickness), ‘‘deeply
ﬁbrillated’’ (roughened and ﬁrm indicating greater than 50%
loss of AC thickness), ‘‘exposed bone’’ (pink, roughened,
hard) or as ‘‘chondro-osteophyte’’ (smooth, ﬁrm, cartilage
raised at the joint margin).
Biomechanical assessments
The dynamic indentation device (Fig. 2) has been
described and used previously26e28. It incorporates a handle
with a 120 mm long stainless steel tube (4 mm external
diameter) extending from one end. The extremity of the tube
contains a vibration unit with a small non-porous cylindrical
probe (0.5 mm diameter) attached, extending out of the side
of the tube. A single frequency sinusoidal waveform was
applied to the device causing the probe to vibrate at 20 Hz.
The instrument was used to dynamically indent the AC by
pressing the probe against the surface of the tissue with
constant pressure. The system was connected to a com-
puter, which provided graphical output of the biomechanical
parameters. Dynamic stiffness data were collected each
time a hand-held switch was activated. Data were saved in
ASCII format. Dynamic shear modulus (G*) was calculated
using the theory published by Hayes et al.32 where
GZ
DP
Dw
ð1 vÞ
ð4kaÞ
where G* is the dynamic shear modulus (MPa), DP the
change in applied force (N), Dw the change in displacement
(mm), a the radius of indentor (constant) (mm) and h the
cartilage thickness (mm). k is a geometric scaling factor
which is dependent on the area aspect ratio of a/h. Values for
k are published in Hayes et al.32. v is Poisson’s ratio which is
dependent on the compressibility of the material being
tested. In fully compressible materials, v is 0 (e.g., cork),
while compressible materials have a v of 0.5 (e.g., rubber).
The Poisson’s ratio of cartilage is not constant (0.2e0.5),
increasing with increasing loading rate. However, it had
been demonstrated that there are only marginal change in
these parameters25,33 when ACwas indented at frequencies
above 4 Hz with dynamic shear modulus (G*) being of
similar magnitude to the ‘‘instantaneous’’ shear modulus
generated during a step indentation test. As such, the
Poisson’s ratio was assumed to be 0.5. Dynamic stiffness
was calculated from the mean of three measurements taken
at each reference point using the hand-held indentor.Cartilage thickness measurement
On completion of the indentation assessment of each
sample, the thickness (h) of the AC was determined so that
dynamic shear modulus could be calculated using Hayes’
Equation (above). AC thickness was measured using
a needle penetration method similar to that previously
described34.
Histologic preparation
After completion of macroscopic and biomechanical
assessment 2 mm wide osteochondral blocks of tissue
were cut using a band saw along the row of grid reference
points passing through the area of worst AC damage for
each articular surface. An outline of each block of tissue
was traced on paper and the location of the reference
points indicated by arrows to facilitate later identiﬁcation of
grid reference locations on histological slides. A second
round of randomisation was then performed so that
histological assessments were blinded to macroscopic
assessments.
The osteochondral blocks were ﬁxed in 10% (v/v)
neutral buffered formalin at room temperature for 24 h
and decalciﬁed with 10% (v/v) formic acid plus 5% (v/v)
formaldehyde with continuous agitation and daily solution
changes over 8 days. The blocks were washed for 20 min
in running water to remove excess acid and dehydrated
through graded ethanol [70e100% (v/v)] before being
double-embedded in methyl-benzoate and celluloid paraf-
ﬁn (Paraplast X-tra, Oxford Labware, USA). Tissue was
then inﬁltrated with wax and embedded in wax moulds.
Sections were cut on a rotary microtome at 4 mm and
mounted on glass slides (Superfrost Plus, Lomb Scientiﬁc,
Australia) and dried at 75(C for 15 min followed by 55(C
overnight.
Histologic assessment
Prior to tissue staining, sections were deparafﬁnised in
xylene (three changes of 3 min each) and rehydrated
through graded ethanol (100e70%).
Light microscopic assessment. Sections were stained with
toluidine blue O (BDH Ltd., England) and counter-stained
with fast green (Searle Diagnostic, England) using a mod-
iﬁcation of the method described by Getzy et al.35. Sections
were equilibrated in 70% ethanol for 15 min, stained with
a 0.04% (w/v) solution of toluidine blue, in sodium acetate
buffer, pH 4.0, for 10 min, rinsed in water and counter-
stained for 1 min in a 0.1% (w/v) aqueous solution of fast
green. Slides were washed in water, dehydrated in two
changes of 99% (v/v) isopropyl alcohol, cleared in xylene,
and mounted with Eukitt’s mounting media (Lomb Scientiﬁc,
Australia). Photomicrographs were taken of AC at each grid
reference point on the histologic slides stained with toluidine
blue. Each photomicrograph was randomised and blindly
graded using ‘‘Modiﬁed Mankin Scores’’ as described by
Little et al.36.
Polarised light microscopic assessment. Quantitative anal-
ysis of superﬁcial zone birefringence intensity was con-
ducted on a second set of histological sections. Sections
were depleted of proteoglycans using bovine testicular
hyaluronidase (ICN Pharmaceuticals, Australia) and
stained with Picro Sirius red using a modiﬁcation of the
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analysis of birefringence was conducted using similar
methods to that described by Arokoski et al.38. Full depth
images of the AC at each grid reference point in the
histological section were collected using a Leica DMLB
polarisation microscope (Leica, Germany). Monochromatic
light with a wavelength of 550 nm was achieved with an
interference ﬁlter (type: OG 550 nm, Schott, Germany)
and used to trans-illuminate each specimen. With the
superﬁcial zone oriented at 45( to the lower polarisation
ﬁlter, full depth digital images (256 shades of grey,
700! 570 pixel resolution) were collected using a digital
camera (COHU 4910 series, COHU Pty Ltd, USA) and
stored in TIFF format. The proﬁle was then normalised by
depth (0Z cartilage surface, 1Z calciﬁed cartilage) and
divided into 100 sub-zones to allow direct comparison
between proﬁles of AC of varying thickness. Superﬁcial
zone collagen birefringence was evaluated in each
photomicrograph and quantitated on a grey scale of
intensity.
Selection of articular surfaces for
non-arthroscopic assessment
Our preliminary work29 showed that the most subtle
pathologic changes occurred in the lateral femoro-tibial
compartment. This paper sought to compare the perfor-
mance arthroscopic and direct non-arthroscopic assess-
ments for the diagnosis of the earliest pathologic changes.
Therefore, only the non-arthroscopic assessments in the
lateral compartment were evaluated speciﬁcally for com-
parison with arthroscopic diagnosis.
Selection of grid reference points
in central regions
Arthroscopic diagnosis of the presence or absence of
pathologic changes is presumably made on the basis of the
worst AC damage on the articular surface which typically
developed in ‘‘central regions’’ of the articular surface.
Regions of AC were retrospectively deﬁned as ‘‘Central’’ or
‘‘Peripheral’’. ‘‘Central’’ regions were deﬁned as the regions
of the articular surface that typically developed the worst
macroscopic structural damage. Only non-arthroscopic
assessments within the ‘‘central regions’’ of the LFC and
the LTP were used in this analysis.
The influence of arthroscopic video quality and
AC probing
The observer estimated the percentage of the AC surface
that had been probed and the scored the ‘‘overall quality’’ of
the arthroscopic footage on a scale of 0e100 considering
the duration of the video clip, the proportion of AC that had
been seen and the percentage of the articular surface
probed (‘‘Percent probed’’).
Statistical analysis
General trends in dynamic shear modulus, superﬁcial
zone collagen birefringence and modiﬁed Mankin scores for
assessments at grid reference points in the central regions
were presented graphically to determine whether changes
occurred over time. The mean score at each time point was
shown in a bar chart with 95% conﬁdence limits of the meanto illustrate statistical signiﬁcance between means. Statis-
tically signiﬁcant differences exist when conﬁdence limits do
not overlap.
Diagnostic performance
The sensitivity, speciﬁcity, PPV, NPV and accuracy of
each non-arthroscopic assessment were determined by
comparison of arthroscopic and non-arthroscopic assess-
ments with ‘‘true disease status’’. Pre-MMx AC was
considered to be ‘‘normal’’ while post-MMx was ‘‘chondro-
pathic’’. Sensitivity was deﬁned as the proportion of
diseased individuals detected by a positive test result (true
positives/[true positivesC false negatives]). Speciﬁcity was
deﬁned as the proportion of un-diseased individuals
detected by a negative test result [true negatives/(true
negativesC false positives]). PPV was deﬁned as the pro-
portion of positive tests that were truly positive (true positive/
[true positivesC false positives]) and NPV was deﬁned as
the proportion negative tests that were truly negative (true
negatives/[true negativesC false negatives]). Accuracy
was deﬁned as the proportion correctly diagnosed (true
positivesC true negative/true positivesC true negativeC
false positivesC false negatives).
Arthroscopic assessments
The arthroscopic estimates of AC status were compared
with the gold standard of MMx status. Each articular
compartment (medial, lateral and patello-femoral) was
graded as normal or chondropathic e individual articular
surfaces were not separately graded within each compart-
ment. Diagnostic performance was evaluated from two time
point comparisons. In the ﬁrst analysis, pre-MMx arthro-
scopic assessments were compared with those at 4 weeks
post-MMx. In the second analysis, pre-MMx assessments
were compared to assessments at 16 weeks post-MMx.
Pre-MMx video recordings from the four sheep sacriﬁced at
4 weeks were not included in the 0 vs 16 week comparison.
The maximum possible number of arthroscopic assess-
ments available within each compartment was 32 for the
comparison of 0 vs 4 weeks. Since two sheep were
sacriﬁced at 4 weeks, a maximum of 24 possible arthro-
scopic assessments were available for the 0 vs 16 week
comparison. The sensitivity, speciﬁcity, PPV and NPV and
accuracy of arthroscopy were summarised in table form.
Non-arthroscopic assessments
As non-arthroscopic data (dynamic shear modulus,
histologic modiﬁed Mankin scores and superﬁcial zone
collagen birefringence) were continuous in nature, the ‘‘cut-
off points’’ for optimal sensitivity and speciﬁcity were
determined by examination of ReceivereOperator Charac-
teristic (R.O.C.) curves. Diagnostic performance was sepa-
rately evaluated for the 0 vs 4 and 0 vs 16 week comparisons
for the lateral femoral and tibial articular surfaces. Bar charts
were used to compare sensitivity, speciﬁcity, predictive
values and accuracy of arthroscopic and non-arthroscopic
AC assessments 4 and 16 weeks after MMx.
Intra-observer reliability
Reliability was summarised as the percentage in which
the second assessment had been the same as the ﬁrst
(percent agreement) and using un-weighted kappa (k)
statistics.
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Arthroscopic diagnosis of early OA
Compartment Number of
arthroscopic
assessments
(TotalZ 121)
Maximum
possible number of
arthroscopic
assessments
Arthroscopic
success
rate (%)
Accuracy
(%)
Sensitivity
(%)
Speciﬁcity
(%)
PPV
(%)
NPV
(%)
0 vs 4 weeks post-MMx
Medial femoro-tibial 31 32 97 87 87 88 87 88
Lateral femoro-tibial 27 32 84 67 67 67 71 62
Patello-femoral 28 32 88 61 73 62 69 67
0 vs 16 weeks post-MMx
Medial femoro-tibial 24 24 100 93 100 88 86 100
Lateral femoro-tibial 23 24 96 83 100 67 79 100
Patello-femoral 24 24 100 75 91 62 67 89Effect of video quality and arthroscopic probing
upon accuracy and reliability
The ‘‘Percent probed’’ and ‘‘Quality’’ scores for the
correctly diagnosed video clips were compared to those
that had been incorrectly diagnosed (accuracy). Similarly,
the ‘‘Percent probed’’ and ‘‘Quality’’ scores for the video
clips in which there had been agreement between the ﬁrst
and second assessments were compared to those in which
there had been disagreement (reliability). These compar-
isons were made using the two tailed Student’s t test.
Results
One-hundred and twenty-one arthroscopic video clips
were used. One arthroscopic video clip in the medial
compartment clip could not be evaluated because the mpeg
computer ﬁle became corrupted.
The success rates for arthroscopic assessment were
excellent generally approaching or being equal to 100%
(see Table I). Even the lowest arthroscopic success rates
(84% in the lateral compartment and the 88% in the patello-
femoral compartment for the 0 vs 4 week comparison) were
very high.DIAGNOSTIC PERFORMANCE OF ARTHROSCOPIC
AC ASSESSMENTS
The diagnostic performance of arthroscopy in the medial
compartmentwasexcellent. Accuracy, sensitivity, speciﬁcity,
PPV and NPV approached 90% for the 0 vs 4 week
comparison while sensitivity and NPV rose to 100% at 16
weeks. Arthroscopy performed less well at 4 weeks in the
lateral and patello-femoral compartments with accuracy,
sensitivity, speciﬁcity, PPV and NPV of 60e70%. However,
by16weeks thesensitivityandNPVswere100% in the lateral
andaround90% in thepatello-femoral compartment (Table I).
TRENDS IN NON-ARTHROSCOPIC AC ASSESSMENTS
Trends in non-arthroscopic direct assessments of AC
were evaluated only in the lateral compartment where the
most subtle pathology occurred. Dramatic reductions in
dynamic shear modulus (G*) occurred in the central region
of LFCs but not at the LTP (Fig. 1). Less prominent
reductions in collagen birefringence occurred at the lateral
femur and no changes occurred at the lateral tibia.
Histological scores showed clear increases at the lateral
femur. These changes were less pronounced at the tibia as
some chondropathy was present in un-MMx joints.Fig. 1. Trends in gold standard assessments in the central regions of the LFC and the LTP. Bars show means with 95% conﬁdence intervals
for the means to show statistically signiﬁcant differences between groups. Statistically signiﬁcant differences exist when error bars do not
overlap.
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numbers indicate the sensitivity (a), speciﬁcity (b), PPV (c), NPV (d) and accuracy (e) of each type of assessment at 4 and 16 weeks after
MMx. Arthroscopic assessments evaluated the lateral femoro-tibial joint (LFTJ) as a whole because both articular surfaces were viewed
simultaneously. Non-arthroscopic assessments were evaluated separately for each articular surface because each articular surface was
assessed separately for these tests. The performance of non-arthroscopic assessments of AC e dynamic shear modulus (G*), collagen
birefringence on polarised light microscopy (PLM) and histological modiﬁed Mankin scores (Mankin) e was determined separately for the LTP
and the LFC.CUT-OFF POINTS FOR NON-ARTHROSCOPIC
AC ASSESSMENTS
R.O.C.-determined cut-off points for G* were 3.00
Mega Pascals (MPa) at the LFC and 0.50 MPa at the
lateral tibia for both time point comparisons. The grey-
scale cut-off for collagen birefringence was 50 for the
lateral femur and 25 for the tibial surface. The cut-off for
modiﬁed Mankin scores was 1 for the 0 vs 4 weekcomparison at the lateral femur and 3 for all other
comparisons.
COMPARISON OF ARTHROSCOPIC AND NON-ARTHROSCOPIC
ASSESSMENTS
The diagnostic performance of the different forms of
assessment is summarised below and with the aid of
graphs in Fig. 2(aee).
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Figure 2a shows the estimates of sensitivity for arthro-
scopic and non-arthroscopic assessments in the lateral
compartment. All non-arthroscopic assessments had rela-
tively poor sensitivity for diagnosis of chondropathy at the
LTP. On the LFC, measurements of modiﬁed Mankin
scores had the best sensitivity followed by measurements
of G*. Assessments of collagen birefringence and histologic
structural damage were less sensitive and showed greater
sensitivity for the later time point comparison of 0 vs 16
weeks. Arthroscopic assessments performed well com-
pared to the non-arthroscopic assessments. While they
were less sensitive than modiﬁed Mankin scores and G*
measurements for the 0 vs 4 week comparison, they were
clearly the most sensitive of all assessments by 16 weeks.
Specificity
Figure 2b shows the estimates of speciﬁcity of arthros-
copy and gold standard assessments in the lateral stiﬂe.
While arthroscopic assessments were not superior they
were clearly on par with the gold standard assessments
with speciﬁcity of 0.67. Histologic modiﬁed Mankin scores
were clearly the most speciﬁc assessments at the LFC
(1.00) while measurements of G* were most speciﬁc at the
tibia (0.84).
Positive predictive value
PPVs of all assessments tended to increase with greater
time post-MMx [Fig. 2(c)]. Tests performed slightly better at
the LFC. Arthroscopy performed almost as well as the other
assessments at both the lateral femoral and tibial surfaces.
Negative predictive value
NPVs [Fig. 2(d)] for the biomechanical and histologic
assessments were generally not as good as PPVs. There
was a tendency for non-arthroscopic NPVs to be lower for
the 0 vs 16 week than for the 0 vs 4 week comparison.
Conversely, arthroscopic NPV was only moderate for 0 vs 4
weeks but was perfect for 0 vs 16 weeks and was generally
superior to any of the other assessments.
Accuracy
Non-arthroscopic assessments [Fig. 2(e)] were generally
more accurate at the lateral femur than the lateral tibia.
Overall, the most accurate diagnostic assessments were
the modiﬁed Mankin scores closely followed by dynamic
shear modulus (G*). However, arthroscopic accuracy was
almost as good and improved with greater time post-MMx
(0.67 and 0.83). Arthroscopy was clearly more accurate
than polarised light microscopic assessments.
Table II
Intra-observer reliability for diagnosis of early OA
Number % Agreement
between
repeat
assessments
Kappa for
agreement
between repeat
assessments
Medial femoro-tibial joint 20 100 1.00
Lateral femoro-tibial joint 18 88 0.78
Patello-femoral joint 19 95 0.87INTRA-OBSERVER RELIABILITY
Intra-observer reliability was excellent (Table II). Assess-
ments of the medial compartment showed complete
agreement on repeated assessment (100% agreement, k
1.00). Intra-observer reliability was also excellent in the
patello-femoral compartment (95%, k 0.87) and the lateral
compartment (88%, k 0.78).
EFFECT OF VIDEO QUALITY AND ARTHROSCOPIC PROBING
UPON ACCURACY AND INTRA-OBSERVER RELIABILITY
The overall quality of video clips did not have any
statistically signiﬁcant effect on accuracy. While the extent
of AC probing tended to be greater in correctly diagnosed
video clips this effect was not signiﬁcant by t testing
(p 0.134, Fig. 3).
The number of assessments in which there was
disagreement on repeat assessment was very low
(nZ 4). There were trends towards lower video quality
and less AC probing for recordings in which there had been
disagreement upon repeated assessment (Fig. 3). Statisti-
cal evaluation by t test showed that these trends were not
signiﬁcant.
Discussion
The results of this study conﬁrm that arthroscopy is an
excellent tool for discriminating between normal and
chondropathic AC. While arthroscopic assessments have
frequently been used as a ‘‘gold standard’’ test for diagnosis
of OA, their diagnostic performance has not been studied in
a setting in which the true disease state was known. This
study is the ﬁrst to evaluate arthroscopic diagnosis in
a setting that included true normals and subjects with the
Fig. 3. Effect of video quality and AC probing upon accuracy and
intra-observer reliability. Bars show means scores. P values are for
comparisons using the Student’s t test. There were non-signiﬁcant
trends to more extensive probing in correctly diagnosed arthro-
scopic videos and when there was agreement between ﬁrst and
second assessments suggesting that AC probing might inﬂuence
accuracy and intra-observer reliability. There was also a non-
signiﬁcant tendency for better video quality when there was
agreement between ﬁrst and second assessments suggesting that
video quality affected intra-observer reliability.
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scopic assessments were found to perform favourably in
comparison with direct non-arthroscopic assessments of
AC. We have refrained from referring to these assessments
as ‘‘gold standards’’ since no single test evaluates every
process or phenomenon occurring in the OA process. While
we could have used other types of AC assessment we
selected tests that had been shown capable of detecting
very early and subtle signs of the chondropathy of OA29 and
set a high standard against which to compare arthroscopy.
Arthroscopy performed favourably against these non-arthro-
scopic assessments. Arthroscopy also had very high intra-
observer reliability. Further analysis found that video quality
did not signiﬁcantly inﬂuence performance and the amount
of arthroscopic probing only approached signiﬁcance.
It was surprising that arthroscopic diagnosis was not
perfectly accurate in the medial compartment as these
assessments were not blinded to MMx status. The false
negative diagnoses might be explained by the phenomenon
of ‘‘meniscal regrowth’’. A crescentic band of ﬁbrous scar
tissue resembling a small meniscal ﬁbrocartilage forms in
the place of the removed meniscus and might be confused
for meniscal ﬁbrocartilage. The false positives might be
explained by the occurrence of chondropathy in sheep with
naturally small menisci that were mistaken for ‘‘meniscal
regrowth’’.
In the lateral compartment, where assessments were
truly blinded and the most subtle pathologic changes
occurred, arthroscopy compared favourably with the other
non-arthroscopic assessments of AC. The strengths of
arthroscopy were its high sensitivity and high NPVs
reﬂecting low false negative rates and indicating that errors
were due to a tendency to over-diagnose chondropathy.
While this may have been due to observer error it may also
have been explained by the presence of real AC pathology
in pre-MMx stiﬂe joints. With the exception of non-
arthroscopic assessments at the LTP, diagnostic perfor-
mance was generally better for the 0 vs 16 week
comparison as opposed to the 0 vs 4 week comparison.
These improvements were most easily explained by
reductions in the false negative rates since there was more
advanced pathology and discrimination between normal
and chondropathic AC was easier. Arthroscopy was
superior to all other assessments at the LTP where there
were only small and non-signiﬁcant changes in non-
arthroscopic assessments. However, it is likely that
arthroscopic assessments were inﬂuenced more by AC
changes on the lateral femoral surface which were more
pronounced.
EFFECT OF VIDEO QUALITY AND AC PROBING
The quality of the video clips appeared to have no effect
on the accuracy of arthroscopic diagnosis but the results for
the effect of arthroscopic probing approached signiﬁcance
with correctly diagnosed videos containing footage of more
extensive AC probing. It is possible that a type 2 error (false
acceptance of the null hypothesis) occurred due to the
small study size and a larger study might have found that
the amount of arthroscopic probing did affect the accuracy
of arthroscopic assessments. Intra-observer reliability was
excellent even in the most rigorously blinded conditions with
very subtle pathology. There were similar non-signiﬁcant
trends towards better video quality and more extensive AC
probing where there was agreement between repeated
assessments of arthroscopic videos. These effects may
have become signiﬁcant in larger studies.Our results suggest that viewing the articular surface in its
entirety and assessment of AC and simple probing
contribute at best only partially to the diagnostic process.
The decision regarding the presence or absence of
chondropathy can probably be based upon evaluation of
a relatively small area of the most severely affected AC in
the central part of the articular surface deﬁned by Marshall
as the index lesion39. While a small amount of AC probing
may be essential for diagnosis of chondropathy, increasing
the amount of arthroscopic video footage and AC probing
may not necessarily improve the performance for the
purpose of simply diagnosing chondropathy.
If arthroscopic probing only partially contributes to the
diagnosis of chondropathy, then it is likely that changes in
the appearance of the joint are also important. A number of
authors have previously noted that early OA is character-
ised by a change in colour16,40,41 and loss of lustre42e44.
These macroscopic changes are easily explained by the
changes in superﬁcial zone collagen organisation, AC
thickness and molecular composition that we have already
documented in this model of OA29. Since these changes
occur simultaneously to reductions in stiffness, it is not
possible to know with certainty which features most
inﬂuence arthroscopic diagnosis. While we evaluated AC,
changes in synovium and ligaments may also have
inﬂuenced diagnosis.
This study evaluated assessments made from arthro-
scopic video recordings where direct and interactive tactile
feed-back was not available. The authors acknowledge that
‘‘real-life’’ arthroscopic assessments may be determined to
a greater extent by probing assessment of AC stiffness.
However, video recordings provide a durable record of
arthroscopic assessments permitting multi-centre studies.
Our study shows that assessments of arthroscopic video
recordings compare favourably with direct non-arthroscopic
assessments of AC for the diagnosis of chondropathy that
many would consider to be acceptable ‘‘gold standards’’ for
this purpose.
STRENGTHS AND LIMITATIONS
The two strengths of this study were the use of MMx
status to deﬁne true disease status and meticulous blinding
procedures. In this strictly controlled environment, arthros-
copy was found to perform as well or better than other
assessments that might otherwise have been considered
to be gold standards for diagnosis of the chondropathy of
early OA.
The principle limitations of the study were the use of
a single observer for all AC assessments so that inter-
observer reliability was not evaluated. Arthroscopic assess-
ments for the presence or absence of early OA are likely to
be highly subjective and may well be inﬂuenced by the level
and type of arthroscopic and basic science experience. The
observer in this study (SO) had a high level of arthroscopic
experience and had experience performing biomechanical,
histologic and polarised light microscopic assessments in
normal and chondropathic AC. Consequently, the diagnos-
tic performance of this arthroscopist in this particular setting
may well have been superior to that of arthroscopists from
different backgrounds. Further work is clearly required to
deﬁne agreement between arthroscopic observers from
a range of backgrounds.
Another possible limitation was the differences in prior
probabilities for different comparisons. The prior probability
(prevalence) of chondropathy in all arthroscopic compar-
isons and the 0 vs 4 week non-arthroscopic comparisons
376 S. P. Oakley et al.: Arthroscopic diagnosis of OA chondropathywas 50%. However, the prior probability of chondropathy in
the arthroscopic 0 vs 16 week comparison was higher at
67%. A higher prior probability will increase the estimates of
PPV and decrease the NPV. The increases seen in PPV for
non-arthroscopic assessments in this study might have
been due to increases in prior probability; however, this may
also be explained by greater differences in pathology
severity making discrimination between normal and chon-
dropathic AC easier. The reductions in NPVs for the non-
arthroscopic assessments at the later time point are best
explained by the increase in prior probability.
A third consideration was the use of multiple assess-
ments per articular surface for non-arthroscopic assess-
ments while only single assessments for arthroscopic
assessments were performed for each articular compart-
ment. Multiple assessments on single articular surfaces
may result in a tendency of data to cluster resulting in
narrower conﬁdence intervals for point estimates for
diagnostic summary statistics (sensitivity etc.) but will not
affect the ‘‘true’’ diagnostic performance of the test. If we
assume that point estimates for diagnostic summary
statistics approximate the true performance of the test then
comparisons between the different forms of assessment
can be made.
IMPLICATIONS FOR ARTHROSCOPIC ASSESSMENT
This study has demonstrated the excellent discriminative
capacity of arthroscopy particularly for the detection of very
early chondropathy (sensitivity). It was generally as good as
non-arthroscopic assessments that would generally be
regarded as gold standards. Based on these results we can
safely conclude that arthroscopy might be used to validate
other non-invasive assessments, such as MRI, for the
diagnosis of the chondropathy of early OA. However, while
the ability to discriminate between normal and pathologic
states should be considered as a fundamental pre-requisite
for any measurement tool, the performance of arthroscopic
assessments of higher grades of chondropathy and the
extent of chondropathy lesions remain to be evaluated.
IMPLICATIONS FOR CLINICAL TRIALS
Arthroscopy is well suited to trials of interventions aimed
at preventing the development of chondropathy since it
meets the OMERACT ﬁlter requirements of Truth and
Discrimination45. An ideal example would be a trial of
a therapy or surgical intervention to prevent the develop-
ment of chondropathy in young patients with ligament
rupture in the knee. Arthroscopic data recorded to video are
durable and may be obtained from multiple centres to
increase recruitment. While inter-observer reliability is not
yet known, a single experienced observer could assess
video arthroscopic data from multiple centres. However,
while a simple diagnosis of chondropathy may be in-
formative, a quantitative measure on a continuous scale
is likely to be of greater use, particularly if chondropathy
were to develop in both treatment and placebo groups.
In summary, this study conﬁrmed that assessments of
video recordings of arthroscopic procedures may be used to
diagnose the chondropathy of early OA. These assess-
ments were found to have moderately high speciﬁcity and
accuracy and extremely high sensitivity, NPV and intra-
observer reliability. While AC probing and the quality of the
arthroscopic assessment might inﬂuence diagnostic de-
cision making, judgments may be strongly inﬂuenced by
changes in the appearance of the joint interior. Further workevaluating quantitative assessments different aspects of
OA is required.
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